The replication terminator protein (RTP) protein is mostly a-helical, and long C-terminal a-helices from each monomer interact to form an antiparallel coiled-coil dimerization domain. The dimer also contains a pair of two-fold related 3-strand (3-sheets with associated ,-ribbons. The structure of one monomer of RTP is shown in Fig. 1 . Based on pertinent biochemical data, we have proposed that one RTP dimer binds two turns of DNA. In the model, the pair of a3-helices make base-specific contacts in successive major grooves, the (3-ribbons and the connecting loops interact with the peripheral minor grooves, and the flexible N-terminal arms wrap around the central minor groove (18). The crystal structure did not provide any clue as to the location of the dimer-dimer interaction surface, but computer graphics modeling exercises using two adjacent ATP-DNA model complexes suggest that it is close to the ,3-ribbon.
Termination of DNA replication in most prokaryotic systems such as the Escherichia coli plasmid R6K (1) (2) (3) , the Gramnegative bacterium E. coli (4, 5) , and the Gram-positive bacterium Bacillus subtilis (6, 7) occurs at specific sequences called replication termini. The first step in this process is the sequence-specific arrest of the replication forks at the terminus, and it has been shown in all three systems that this is mediated by sequence-specific DNA-binding proteins called terminator proteins. The resulting protein-DNA complexes are able to arrest replication forks approaching from one direction but not the other. The mechanistic basis of this novel polarity involves specific inhibition of the replicative helicase-the so-called contrahelicase activity (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) .
The replication terminator protein (RTP) of B. subtilis is a homodimer with a subunit molecular weight of 14,500 (7) . The RTP-DNA complex comprises two RTP dimers bound tandemly and specifically to adjacent sites. One site (the core site) binds RTP tightly, but the second site (the auxiliary site) binds RTP weakly and requires a cooperative interaction with a prebound RTP at the core site. Variations on this scheme result in defective termination. Thus, the binding of two dimers of RTP to tandem core sites is unable to block fork movement (13) , and a single dimer bound to one core sequence does not elicit replication termination either in vivo (7) or in vitro (13) . Considered together, these observations suggest that the RTP-DNA complex has a precise architecture that involves specific protein-DNA and protein-protein interactions that are critical to the function of the replication terminus.
We have recently solved the crystal structure of the RTP dimer in the absence of DNA at 2.6 A resolution (18) . The
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protein is mostly a-helical, and long C-terminal a-helices from each monomer interact to form an antiparallel coiled-coil dimerization domain. The dimer also contains a pair of two-fold related 3-strand (3-sheets with associated ,-ribbons. The structure of one monomer of RTP is shown in Fig. 1 . Based on pertinent biochemical data, we have proposed that one RTP dimer binds two turns of DNA. In the model, the pair of a3-helices make base-specific contacts in successive major grooves, the (3-ribbons and the connecting loops interact with the peripheral minor grooves, and the flexible N-terminal arms wrap around the central minor groove (18) . The crystal structure did not provide any clue as to the location of the dimer-dimer interaction surface, but computer graphics modeling exercises using two adjacent ATP-DNA model complexes suggest that it is close to the ,3-ribbon.
In this paper, we address the question of the location and structural nature of the dimer-dimer interaction surface by performing site-directed mutagenesis, purifying the mutant forms of the protein, and analyzing the biochemical properties of the mutant proteins. Initial results conclusively showed that tyrosine-88 plays a critical role in promoting dimer-dimer interaction. Substitution of the tyrosine by a phenylalanine completely abolishes dimer-dimer interaction, and fails to block E. coli DnaB helicase and replication fork progression. This result suggested that the dimer-dimer interaction involves strand (33, and additional mutations in this region support this conclusion and suggest a plausible molecular model. These studies also conclusively prove that the cooperative interaction between RTP dimers is essential for the arrest of replication forks by RTP. The interaction is also essential for the recently discovered ability of RTP to block the elongation of RNA chains (20 (21) . E. coli DnaB helicase was purified as described (15) .
In Vitro Replication and Analysis of Replication Intermediates. Cell extracts were prepared and the reactions were carried out as described (22) Fig. 3A Bottom) . In contrast, the Y88F protein was unable to impede DNA unwinding either on the mpl9BS3 substrate (Fig. 3A Top, lanes 10-15) or on the mpl8BS3 substrate (Fig.   3A Bottom) .
The Y88F Protein Fails to Arrest Replication Forks in Vitro. We constructed two DNA templates, one with the terminus in the blocking orientation with respect to a unidirectional replication origin (pUC19BS3) and one with the sequence in the reverse orientation (pUC18BS3). The two DNA templates were replicated in vitro in cell-free extracts of E. coli in the presence of [a-32P]dATP. The denatured reaction products were resolved on denaturing polyacrylamide gels. The wildtype RTP arrested forks and generated a diagnostic "415-ntlong DNA band with the blocking template (Fig. 4, lanes 2-5) . The highest concentrations of the protein was a faint "415-nt band generated (compare lanes 6-9 with the lanes 2-5). In the absence of RTP, in vitro replication did not generate the diagnostic 415-nt band (lanes 1 and 10) . Thus, consistent with the loss of contrahelicase activity, the Y88F mutant also loses the ability to arrest replication forks in vitro.
The Crystal Structure of Mutant Y88F. To directly visualize the structural consequences of the Y88F mutation, the crystal structure of the mutant protein was determined to 2.5 A resolution. Surprisingly, when the a-carbon backbones of the wild-type and mutant proteins are compared, there are no significant differences (Fig. 5) . The was the double mutation EK78/81AA. Finally, mutation G34R, which is also close to tyrosine-88, was available from random mutagenesis. When all of these mutants were tested with the complete spectrum of assays described above, G34R also inhibited the dimer-dimer interaction to the same extent as Y88F, and V85G inhibited between 90% and 95% when compared to Y88F (data not shown). All (19) . cognate sequences (Fig. 6B) (27) .
The model also predicts that the loop connecting strands (32 and (33 would make contact with the body of the adjacent dimer. Such an interaction would explain the inhibitory effect B of the G34R mutation, which is located in the relevant area of the molecule. It would also explain the curious leucine-82, which is exposed at the end of the loop since it could mediate the interaction by a hydrophobic contact. This was directly tested by constructing the mutant L82S, which replaces the exposed hydrophobic moiety with a small polar group. As predicted by the model, this mutant elicits no dimer-dimer interaction when tested by gel-shift assays (data not shown). A diagrammatic representation of the dimer-dimer interface is shown in Fig. 6C coli, which functions as a monomer of molecular mass of 36,000 (28, 29) , RTP of B. subtilis is a dimer with a subunit molecular mass of 14,500 (7) . The interaction between two RTP dimers bound to the overlapping core and the auxiliary sites (7, 12, 13) (7) and in vitro (13) . Finally, the tight association of the two overlapping dimers at the terminus predicted by our model would explain how the replication fork approaching from the nonblocking direction could displace the proteins (7). The fork would displace the weakly bound dimer at the auxiliary site, which in turn would peel off its partner.
We have recently discovered that the replication terminator proteins of both E. coli and B. subtilis can block RNA chain elongation catalyzed by several prokaryotic RNA polymerases in a polar mode (20) . We tested the ability of all the mutants described in this paper to block RNA transcription at the BS3 site and showed that only those that are defective in dimerdimer interactions are not able to arrest RNA chain elongation (data not presented). This clearly demonstrates that the cooperative dimer-dimer interaction is also essential for this blocking process. However, it should be noted that the structural requirements for blocking DNA 
